Hydrate formation along the natural gas pipeline has been identified as a serious threat to the survival of oil and gas industry. The formation if not quickly removed may plug the flowline to collapse the system. This problem costs the industry billions of dollars in revenue loss annually. While all the available literatures on hydrate formation process have focused on its ability to plug the flow line, there has been little or no recognition of its ability to initiate internal corrosion of the pipeline which is a bigger problem to the industry, hence, the importance of this study. This work focuses on this new area for research interest aimed at revolutionalizing the field of corrosion science and technology. In this study, the composition of the lattice which includes methane (CH 4 ), carbondioxide (CO 2 ) or hydrogen sulphide (H 2 S) and water molecules (H 2 O) amongst others is considered. These gases have the ability to easily undergo chemical and/or electrochemical reactions with the pipeline's internal surface while the lattice is in place. The reaction(s) will easily initiating corrosion of the pipe. The study further identifies the fact that even after the successful removal of the hydrate, the initiated corrosion process may continue with the continuous flow of the fluid within the pipeline thereby leading to gradual degradation of the material and deterioration of the pipe's integrity. Over time, the pipeline will begin to leak and/or may undergo full bore rupture (FBR). This, apart from the economic consequences will also generate environmental and political consequences and may lead to complete replacement of the pipe-length. Various management schemes including the necessity for the industry to heavily invest in research and development are recommended.
INTRODUCTION
The global demand and utilization of natural gas and its major component (methane) is in the increase due to its abundant availability coupled with its environmental friendliness compared to other fossil fuels. Its composition varies from field to field and region to region (Table 1) . With its various applications, it is domestically used for heating buildings and water, cooking, drying, and lighting (Brkić and Tanasković, 2008; Joelsson and Gustavsson, 2009) . Many home appliances running on natural gas include furnaces, barbecues, fireplace logs, pool and spa heaters, and fire pits. Natural gas air conditioning also exists, though; this is not as popular as the electrical alternative. Industrially, the gas is a major source of electricity generation (Shukla et al, 2009; Tourkolias et al, 2009) . As an efficient and convienient fuel, the gas is used in developed countries such as Australia, Canada and most European countries in transportation sector to run cars, trucks and heavy duty service vehicles (Kamimura, 2006; Felder and Dones, 2007) , while the current research in the aviation industry is targeted at designing aircrafts fuelled by natural gas (Gazzard, 2008a; Gazzard, 2008b; Greenair, 2009) . Also, the gas plays a significant role in the power plant technology (Pilavachi, 2009) . It is also used in the making of anti-freeze and plastic. Food processing industries use basically only natural gas to power up their plants. Further, waste treatment and petroleum refining are big consumers of natural gas. Because many gases can be extracted as a sub-product of natural gas, the uses of the gas go beyond what the gas itself can provide.
The gas is globally abundantly available. In 2000, the total world reserve and production of the gas were 150.19 trillion cubic meters (tcm) and 2.4223 tcm respectively (UNCTAD, 2009) . Russia, with the global highest oil and gas reserves of 38% put at 69.1 billion barrel and 48.14tcm respectively (Gelb, 2006) is the major producing nation. United States gas demand for 2003 alone was estimated at 786.32bcm (Hill, 2005) . In 2007, more than 36 trillion cubic feet of natural gas (Tcf) was transported by interstate pipeline companies in USA on behalf of shippers to the consumers (Energy Information Administration, 2009). The 2009 national total capacity is about 183 billion cubic feet with two-thirds of the lower 48 States almost totally dependent upon the interstate pipeline system for their supplies of natural gas. Australian conventional gas reserve as at 2006 was 2429bcm (DRET, 2009), while gas demand of the EU 15 is projected to be 420-650bcm by 2010 (Table 1 ).
In Africa, Nigeria, is presently involved in transboundary natural gas project through the construction of a 617 km of offshore pipeline and 57 km of onshore pipeline from an offtake at the existing 359 km Escravos-Lagos natural gas system to transport of 11.3 bcmpd of natural gas to power generators and industrial consumers in Ghana, Benin and Togo for thermal and industrial uses. The Project tagged West African Gas Pipeline (WAGP) project ( Figure  1 ), estimated to cost $550 million included pipeline installation and metering, pressure regulation, gas scrubbing and compression facilities.
NATURAL GAS TRANSPORTATION AND HYDRATE FORMATION
Various transportation options of natural gas from off-take include long pipelines, Liquefied Natural Gas (LNG), methanol and CNG (Imperial Venture Corp (1998) . From these options, only long pipelines and LNG are in common use. The unit cost of pipeline option is clearly superior to that of LNG due to the required high cost of refrigeration and liquefaction of boiled-off liquids and the high risk of over-pressurization for LNG. Transportation by methanol and CNG demonstrate unit costs which are similar to pipelines but these are largely theoretical at present. The gas is produced either as an associated gas (dissolved gas in crude oil at high pressure from a reservoir) or from a gas field and transported through a pipeline network to a flowstation for various separation operations as required based on the composition after which various products are transported through long pipeline networks to various end users.
Raw natural gas components such as the low paraffinic homologous (C 1 -i-C 4 ), combines with the undesired components of the gas such as nitrogen (N 2 ), carbon dioxide (CO 2 ), hydrogen sulphide (H 2 S) and water vapour (Abdel-Aal, 2003) to form gas hydrates during the gas transport which eventually plug pipelines. Gas hydrates are ice-shaped, crystal lattice, solid compounds formed by the physical combination of water molecules and certain small molecules in hydrocarbons fluid such as methane, ethane, propane and these undesired components (Bai and Bai, 2005) at high pressure and low temperature (Hao et al., 2006; Du et al., 2007; Liu et al. 2007 ). The solid structure (Figure 2 ) consists of molecules of the gases of small molecular diameters trapped in the microcavities of a crystal lattice provided by the host water. Water is of 90% composition of the hydrate lattice while other components constitute 10% (Abdel-Aal et al, 2003) . The solid hydrate may be formed at high pressures (of about 14MPa and temperatures slightly above the normal melting point of ice (up to 277.15K) due to the weak Van der Waals forces and the hydrogen bonding properties of water (Jamaluddin et al, 1991) . Undersea (offshore) oil and gas transportation pipelines often have thermodynamically suitable conditions for its formation. The formed hydrate could result in partial or complete plug of inner part of a gas pipeline if not quickly remove, thus, developing into high pressure build-up inside the pipe and eventual collapse of the pipeline. This collapse releases the fluid content into the immediate environment, resulting into various environmental degradation problems. Failure to immediately remove the plug could also bring different difficulties and challenges to drilling and production parameter design, well control and riser design (Ebeltoft et al, 1997; Botrel et al. 2001 ).
In terms of cost implication, problems emanating from gas hydrates have been costing the petroleum industry billions of dollars annually and have led to various loss of production time amongst others. Hydrate formation along the natural gas pipeline has been identified as a serious threat to the survival of oil and gas industry. The formation is one of the most challenging aspects in flow assurance studies. If not immediately attended to, it could partially plug the pipeline through accumulation to result in pressure build up or eventual complete plug of the pipeline thus, causing serious risk to the safety of operating personnel and equipment. This problem costs the industry billions of dollars to mitigate annually with no permanent solution in focus. Annually, a significant operating expense equal to hundreds of millions of US dollars is devoted to hydrate prevention with half spent on inhibition while offshore operations additionally spends approximately US$ 1 million per mile on insulation of subsea pipelines to prevent hydrates.
Hydrate Formation as an Initiator of Natural Gas Internal Pipeline Corrosion
Hydrates can easily influence various types of natural gas pipeline's internal corrosion which is a long-term problem through physical and chemical processes based on the hydrate size, stage and the contact period to wear off the pipe's protection films. The resulted corrosion eminently puts the pipe's integrity at risk with a replacement cost of which may be as high as $3 trillion. The corrosion mechanisms could be physical or electrochemical processes.
Corrosion Initiation through Physical Process
H 2 S and CO 2 are acidic gases which have been established to contribute to internal gas pipeline corrosion rate (NS, 2005; Obanijesu, 2009) . Methane (CH 4 , the major component of natural gas) as a reducing agent also aids metal corrosion (Yan et al., 2002; McKee and Romeo, 2007) . Water is another known corrosive agent (Kritzer, 2004) . These corrosion types include cavitations, erosion, pitting, galvanized and stress cracking corrosions.
a. Cavitation corrosion
At formation stages, the first stage is in a semi-solid state with the hydrate blocks having liquid inside the cavities. At this stage, it can easily break up at high impact with a surface. Cavitations corrosion (Figure 3 ) is cause by the collapse of bubbles formed at areas of low pressure in the conveyed fluid (Roberge, 2008) . The fluid, traveling at a very high speed will experience a drop in pressure at a point of discontinuity in the flow path. This will lead to the formation of gas or vapor bubbles (transient voids or vacuum bubbles) in the stream which implode upon hitting the metal surface and produce a shock wave sufficiently strong enough to remove the protective films. Corrosion is then greatly accelerated at this mechanically damaged surface.
b. Erosion corrosion
With time, the hydrates graduate from semi-solid block to solidified blocks but will still be travelling in chips. These chips while traveling at high velocity will be bombarding with the inner surface of the pipe wall to cause erosion. Erosion is the destruction of a metal by abrasion or attrition caused by the relative motion/flow of liquid or gas (with or without suspended solids in the pipe) against the metal surface. For this corrosion type, there is a constant bombardment of particles on the wall surface (Roberge, 2008) . This gradually removes the surface protective film or the metal oxide from the metal surface, thus, exposing the surface to erosion-corrosion (Figure 4 ) from the fluid properties. Factors such as turbulence, cavitations, impingement or galvanic effects can add to the severity of erosion-corrosion attack which eventually leads to rapid failure.
c. Fretting Corrosion
At the later stage, the hydrate chips will start agglomerating to form bigger blocks which will require more energy to transport across the surface of the pipe-wall. This movement will induce a relative motion between the pipe-wall and the hydrate block to initiate fretting corrosion. Fretting ( Figure 5 ) is the corrosion damage experienced at rough contact surfaces. It is induced by repeatedly moving a load across a surface at a relatively high velocity (Park et al, 2008) . Contact surfaces exposed to vibration during transportation are exposed to the risk of fretting corrosion. Damage occurs at the interface of two highly loaded surfaces which are not designed to move against each other. The protective film on the metal surfaces is removed by the rubbing action and exposes fresh, active metal to the corrosive action of the atmosphere. This problem is experienced in the oil and gas pipelines as the motion of the fluid inside the tube causes a lot of vibration due to the contact of the weight of the fluid with the inner surface of the tubing.
Corrosion initiation by chemical process
In case of partial plugging and failure to remove the formed hydrate on time, there will be an interaction between the components and the pipe's inner surface. Since these components are corrosive in nature, corrosion reactions will be promoted over time through chemical and electrochemical reactions to yield galvanic and electrolytic corrosions.. The corrosion rate will be a function of time, composition of the hydrate, pH and other thermodynamic properties such as temperature, pressure, gas fugacity, e.t.c. (Obanijesu, 2009 ).
a. Electrochemical corrosion
Electrochemical corrosions can be initiated by the hydrate formation at various stages based on the composition of the gas. This corrosion type can be in form of galvanic corrosion and electrolytic corrosion with oxidation taking place at anode while reduction takes place at the cathode. Oxidation-reduction (or redox) reaction takes place in electrochemical corrosions. Spontaneous reactions occur in galvanic (voltaic) cells while non-spontaneous reactions occur in electrolytic cells.
b. Galvanic corrosion
The formation can initiate galvanic corrosion ( Figure 6 ) at its semi-solid state due to the presence of H 2 O by setting the anodic and cathodic points within the pipe for electron transfer, thus, creating an electrolytic cell. This is achieved by the water dissociating to H+ and OH-ions which travel to opposite directions with the anode carrying negative charge.
c. Electrolytic corrosion due to pH influence Natural gas contains CO 2 / H 2 S gas and most of the time, chloride gas which goes into reaction with the available water during hydrate formation to produce acid(s). these acids will dissociate with time to individually yield
The anode of an electrolytic cell is positive (cathode is negative), since the anode attracts anions from the solution. However, the anode of a galvanic cell is negatively charged, since the spontaneous oxidation at the anode is the source of the cell's electrons or negative charge. The cathode of a galvanic cell is its positive terminal. In both galvanic and electrolytic cells, oxidation takes place at the anode and electrons flow from the anode to the cathode. Each of these corrosion types can lead to the collapse of the pipe-length. Also, if the chips glue to the surface of the inner wall of the pipe, chemical and electrochemical reactions can take place and these will initiate galvanic and pitting corrosions amongst others which will still lead to a full bore rupture of the pipeline.
Apart from the capability of each of these corrosion types to single-handedly collapse a pipeline, they can also individually or collectively lead to pitting corrosion or Stress cracking corrosion (SCC) to collapse the system.
CONSEQUENCES OF THE RESULTING CORROSION(S)
Though, hydrate formation has been established to be a nightmare to the oil and gas industry, (Ribeiro and Lage, 2008; Turner et al, 2009 ) , corrosion is of higher consequences because, apart from its abilities to collapse the pipeline system like hydrate ( Gbaruko et al, 2007; Netto et al, 2007; Netto, 2009) , corrosion is bound to deteriorate the integrity of the pipe and cause it to be replaced entirely ( Shipilov and May, 2006; Adib et al, 2007) . Generally, the resulting consequences can be broadly classified as economic, environmental and human.
a. Economic
The economic consequence from this accident include the costs of the product lost; public, private and the operator property damage costs and the cleanup/recovery cost (Restrepo, 2009) . Costs are often considered among the most important categories in ranking the importance of pipeline failures. Two of the six categories included in a 'gravity scale' are related to the cost of production losses and the cost of environmental cleanup (Papadakis et al. 1999) .
Hydrate formation along the natural gas pipeline has been identified as a serious threat to the survival of oil and gas industry. The formation is one of the most challenging aspects in flow assurance studies. If not immediately attended to, it could partially plug the pipeline through accumulation to result in pressure build up or eventual complete plug of the pipeline thus, causing serious risk to the safety of operating personnel and equipment. This problem costs the industry billions of dollars to mitigate annually with no permanent solution in focus. Annually, a significant operating expense equal to hundreds of millions of US dollars is devoted to hydrate prevention with half spent on inhibition while offshore operations additionally spends approximately US$ 1 million per mile on insulation of subsea pipelines to prevent hydrates. However, all the available literatures on hydrate formation processes have focused on its ability to plug the flow line with little or no recognition of its ability to initiate internal corrosion of the pipeline which is a bigger problem to the industry. Apart from rupturing the pipe like hydrate (which can easily be welded), corrosion will lead to gradual degradation of the material and deterioration of the pipe's integrity. Over time (after fixing the formation problem), the pipeline will begin to leak and/or may undergo full bore rupture (FBR). This, apart from the economic consequences will also generate environmental and political consequences and will lead to complete replacement of the pipe-length at extra production cost. In case of complete rupture of a large diameter gas pipeline (which is common to both hydrate formation and corrosion problems); outage cost can be as high as $500,000 to $1,000,000 per day while due to corrosion, the assets could have a further capital replacement value close to $3 trillion depending on the pipe-length (Fingerhut and Westlake, 2000) . Each of the 36" and 42" pipelines has capital replacement cost of about $1,767,710 per mile and $1,977,644 per mile respectively with the cost distributed as material 15%, labor 45%, Right of Way 19% and Misc. 21%.
A review of the economic effects of corrosion on the U.S. economy alone indicated that corrosion of metals and alloys cost U.S. companies and consumers approximately $300 billion per year with about 1% of it coming from the pipeline industry (Battelle, 1996) . The problem of metallic corrosion is one of significant proportions; in economic terms, it has been estimated that approximately 5% of an industrialized nation's income is spent on corrosion, maintenance, or replacement of products lost (William and Callister, 1996) . This has been established to be responsible for 57% of oil and gas pipeline ruptures in Canada (Cribb, 2003) and 31.97% and 18.75% of liquid and gaseous hydrocarbon pipeline accidents in the United States, respectively (DOT, 2005) .
b. Environmental
Apart from the cost implication on the industry, pipeline failures cause the fluid to escape to the immediate environment. This may lead to dispersion, explosion, fire, and human death as well as destruction of vegetation in case of onshore pipeline (Obanijesu et al., 2006; Sonibare et al., 2007) or hydrate formation in water body, dissolution of components, loss of human lives and livestock, climate change as well as flammability amongst others in case of offshore failure (Obanijesu and Macaulay, 2009 ).
c. Human
Apart from economic and environmental implications of a pipeline blow-out, human life is also endangered. Such accidents have resulted in human deaths in the past. An example is the Piper Alpha disaster in the North Sea of July 6 th , 1988 which clearly demonstrated the catastrophic consequence of this type of failure. The tragedy had one of the highest death tolls in the Oil and Gas Offshore Operations; 165 of the 226 on board died with majority (109) from smoke inhalation (Coombs, 2003) . It is estimated that the energy released during this tragedy was equal to 1/5 th of the UK energy consumption.
Another typical example of the final result of pipeline failure is the pipeline accident of December 26, 2006 where over 500 people were burnt to death (Figure 7 ).
PREVENTION AS THE PROPER MANAGEMENT SCHEME
Gas hydrates for a long time have been the most elusive and confounding of hydrocarbon deposits to find and many countries including Japan, U.S.A, India, China and Korea amongst others have put up researches to study the phenomenon. Existing studies include literatures, laboratory works and modelling. It will be a worthwhile investment to intensify research studies in finding out more properties of the formation and means of preventing its occurrence or immediate elimination in the pipe-length in case of formation as the consequence is always disastrous. Means should be focused on removal of the hydrates located few kilometres away from the shore. Multiphase flow governing equations (including continuity equation and momentum conservation equation), temperature field equations in annulus and drill pipe, and hydrate formation thermodynamics equation should be established based on the characteristics of the operating region (Wang et al., 2008) .
Although, the industry has designed pipelines to operate outside hydrate forming conditions by either adding inhibitors or by dehydration of the gas/condensate fluids, these techniques are only effective and economical for onshore pipes whereas, the offshore pipelines especially in deep and cold waters are a real challenge.
Agitation enhances its formation (Jamaluddin et al, 1999) . There is always an agitation at a start-up condition of any system, since; it is yet to reach a steady-state. Therefore, all cautions should be taken to avoid another shutdown after the flow initiation.
Finally, if properly managed, gas hydrate may be a better transport option for natural gas in long pipelines since the corrosive gases would have been trapped inside the "iced-cubes". However, there is a need for extensive studies regarding the best means of conveying the hydrates (probably in chip forms) so as to remain fluidized. Also, the possibility of reducing the erosion, cavitations and fretting corrosions for this transport method should be seriously studied. Finally, since Nitrogen, which is present in the gas does not dissolve in water; there is a tendency for the nitrogen gas not to be actively involved in the hydrate formation. Hence, comprehensive studies should be carried out on how best to remove Nitrogen before it forms side reaction(s) with other elements or compounds in the fluid.
CONCLUSION
Global focus has always been on the removal of hydrate after its formation with so many findings on its properties and ability to rupture a service pipe but not on its ability to initiate corrosion which is a bigger problem to the industry. This paper has been able to establish the relationships between this missing knowledge gaps. The study has been able to predict various types of corrosion that could be initiated during the process and the likely point of initiation. Since all the recommendations have been preventive rather than corrective measures, there is a need for more research activities along this new trend in order to save the industry from higher challenges. This will require the involvement of academics through sponsoring of various projects in the universities globally.
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